INTRODUCTION {#s1}
============

Replication-incompetent retroviral vectors have the ability to stably integrate into the host cell genome and dysregulate nearby proto-oncogenes or tumor suppressor genes, ultimately leading to vector-induced cancer. Vector-mediated genotoxicity was unfortunately observed in hematopoietic stem cell (HSC) gene therapy clinical trials for X-linked severe combined immunodeficiency disease \[[@R1], [@R2]\], where integrations near or in the oncogene LIM domain only 2 (*LMO2*) resulted in increased expression via enhancer activation \[[@R3], [@R4]\]. Although other vector-mediated mechanisms of genotoxicity have been reported \[[@R5], [@R6]\], enhancer-mediated activation of gene promoters is the most common \[[@R7], [@R8]\]. Following these studies replication-incompetent retroviral vectors have been developed as a powerful tool to identify driver genes \[[@R9]--[@R14]\].

Replication-incompetent retroviral vectors have several advantages over traditionally used replicating retroviruses and transposons \[[@R9]--[@R13]\]. Replicating retroviruses, such as murine leukemia virus and mouse mammary tumor virus, generate secondary integrations which can make it difficult to distinguish driver genes from passenger genes \[[@R15]\]. Transposon mutagenesis screens in transgenic mouse models have been performed but their application in human systems are currently limited due to lack of efficient transposition \[[@R16]\]. Transposons are also subject to re-integration and local hopping events in the host genome, which can also complicate identification of driver genes. Replication-incompetent retroviral vectors have the ability to stably infect many mammalian cell types without causing secondary integrations that may impede the identification of the primary retroviral integration sites (RISs). This makes them a powerful tool to identify driver genes in different human cancers \[[@R14]\].

The two most commonly used replication-incompetent vectors for mutagenesis screens, gammaretroviral (γRV) and lentiviral (LV) vectors, have distinct integration profiles. γRV vectors have a high propensity to integrate near expressed gene regions, transcription start sites, and gene promoters \[[@R17]\]. LV vectors integrate preferentially into transcriptionally active gene regions \[[@R18]\]. γRV are also more genotoxic than LV vectors, with a higher likelihood of inserting near proto-oncogenes \[[@R8]\]. In addition to their unique integration profiles, the retroviral vector backbone design also influences genotoxicity. For example, retroviral vectors that contain enhancers in their long terminal repeats (LTRs) are more genotoxic than those with self-inactivating (SIN) LTRs, which have enhancers deleted from the U3 region, thereby limiting transcription to an internal promoter \[[@R19]\]. The type of internal promoter used can also influence genotoxicity. Strong viral promoters, such as the spleen focus forming virus (SFFV) promoter, have been shown to dysregulate nearby genes at a higher frequency than weak housekeeping promoters, such as the phosphoglycerate kinase promoter \[[@R7], [@R8]\].

The analysis of RISs allows identification of the location of dysregulated candidate cancer driver genes in the genome. To map RISs in mutagenesis screens, PCR and non-PCR based approaches have been used to identify the junctions between the retroviral LTR and chromosomal DNA \[[@R10], [@R20]--[@R22]\]. Shuttle vector rescue, a non-PCR based approach, generates LTR-chromosome junctions that are typically longer than those produced by PCR and can improve the detection of RIS in repetitive regions, whereas modified genomic sequencing PCR (MGS-PCR) is more sensitive \[[@R14]\]. The sequence reads obtained from these approaches are mapped to the genome and nearby candidate driver genes can be rapidly identified using bioinformatics tools such the vector integration site analysis (VISA) webserver \[[@R23]\]. In our previous study using a γRV shuttle vector insertional mutagenesis screen, we identified *SHARPIN* as a breast cancer metastasis gene that predicts metastasis-free survival in patients post-treatment \[[@R9]\]. In prostate cancer (PC) studies using LV shuttle vector rescue and MGS-PCR based approaches androgen-independent PC (AIPC) progression genes were identified \[[@R10], [@R11]\]. Other LV vector-based mutagenesis screens have used linear amplified mediated PCR (LAM-PCR) to identify driver genes in liver cancer \[[@R12]\] and drug resistance driver genes in breast and pancreatic cancers \[[@R13]\].

Here we directly compare the ability of both γRV and LV vectors to identify driver genes that mediate progression of AIPC in an *in vivo* mouse model. We hypothesized that the γRV and LV vectors would likely dysregulate different genes and might be used to identify candidate genes that would otherwise be missed when only one vector type is used. We identified several candidate PC progression genes including *TAOK3* and *ABCC1*. Analysis of PC patient data showed that *TAOK3* and *ABCC1* expression predicted disease recurrence-free survival in patients after treatment.

RESULTS {#s2}
=======

γRV and LV vector design and the generation of vector mutagenized PC cells {#s2_1}
--------------------------------------------------------------------------

The γRV and LV vectors are shown in Figure [1A](#F1){ref-type="fig"}. The γRV vector contains murine leukemia virus (MLV) LTRs with enhancer and promoter elements. The LV vector contains SIN LTRs that have the enhancer and promoter elements deleted in the LTR U3 region. Both vectors contain identical transgene cassettes of the SFFV promoter driving an enhanced green fluorescent protein (EGFP)-neomycin phosphotransferase fusion gene. High-titers of γRV and LV vectors (1.8 × 10^6^ TU/mL and 1.7 × 10^8^ TU/mL respectively) were produced and used to transduce human LNCaP cells at a multiplicity of infection (MOI) of 0.3 (Figure [1B](#F1){ref-type="fig"}). We used a relatively low MOI to limit the generation of clones containing multiple insertions \[[@R24]\]. Three independent parallel cultures were established for both γRV and LV vectors. The neomycin phosphotransferase gene allowed for efficient selection of transduced cells. All established cultures had \> 90% transduced cells after G418 selection as assessed by flow cytometry for EGFP (Figure [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}). This approach of transducing at a low MOI followed by selection to remove untransduced cells minimizes multiple vector insertions that can make it difficult to identify driver genes from passengers \[[@R14]\].

![Retroviral vectors and insertional mutagenesis screen outline\
(**A**) Schematic representation of γRV and LV vector constructs. (**B**) Retroviral transduction and selection of transduced cells. (**C**) The androgen-independent xenotransplant mouse model. (**D**) The application of modified genomic sequencing PCR (MGS-PCR) to identify retroviral integration sites (RISs) from genomic DNA obtained from androgen-independent prostate cancer (AIPC) metastatic tumors.](oncotarget-09-15451-g001){#F1}

![*In vitro* culture of PC cells in androgen-deficient condition\
G418 selection of (**A**) γRV and (**B**) LV vector transduced LNCaP cultures. (**C**) LNCaP cell proliferation in androgen-deficient conditions (*t* = 12 weeks). Arrow indicates the start of culturing cells in 100% CTS-FBS treated media (week 1). Data are the mean, error bars represents the SEM (^\*\*^*p* \< 0.01, ^\*^*p* \< 0.05).](oncotarget-09-15451-g002){#F2}

γRV and LV vector mutagenized PC cells induce tumor growth *in vivo* {#s2_2}
--------------------------------------------------------------------

To compare the ability of γRV and LV vector proviruses to induce androgen-independence, the androgen-dependent human PC LNCaP cell line was chosen due to its ability to develop androgen-independence when cultured in the absence of androgen \[[@R10], [@R25], [@R26]\]. Transduced and control non-transduced LNCaP cells were cultured in media with serum treated with charcoal. Charcoal removes steroid hormones from the media including androgen, and models *in vitro* the androgen-deficient conditions in PC patients after androgen deprivation therapy. The LNCaP cells were cultured in 97.5% charcoal dextran-treated fetal bovine serum (CT-FBS) supplemented with 2.5% fetal bovine serum (FBS) for one week to minimize the loss of cells which would reduce the clonality of our mutagenized library. The cells were then cultured in 100% CT-FBS which initially resulted in reduced cell numbers as expected. The elimination of androgen may have resulted in apoptosis of some cells between weeks three and six (Figure [2C](#F2){ref-type="fig"}). As expected, LNCaP cultures became androgen-independent more rapidly in both the γRV and LV vector mutagenized cells compared to the non-transduced controls (*p*-value \< 0.001 and 0.05 respectively) (Figure [2C](#F2){ref-type="fig"}). In order to directly compare the ability of γRV and LV vectors to induce androgen-independent growth *in vivo,* we used a previously described mouse xenograft model for AIPC (Figure [1C](#F1){ref-type="fig"}) \[[@R11], [@R27]\]. Nine out of 12 mice injected orthotopically in the prostate with transduced cells efficiently developed primary tumors post-injection (γRV, *n* = 5 and LV, *n* = 4) (Figure [3](#F3){ref-type="fig"}). One mouse injected with LV vector died following injection. Mouse xenografts containing γRV vector transduced LNCaP cells established primary tumors earlier with a median of 82 days compared with LV vector at 94 days (*p* \< 0.001) (Figure [3](#F3){ref-type="fig"}). The mice were castrated when the primary tumor sizes reached a volume of approximately 0.2 cm^3^. The tumors regressed for approximately 1 week post-castration as measured by tumor volumes. After 2--3 week of the initial regression all the animals showed enhanced tumor growth which models what is observed in human PC patients after androgen deprivation therapy. γRV vector derived tumors grew faster than LV tumors, but this trend was not statistically significant (*p* = 0.14) (Figure [3](#F3){ref-type="fig"}). At the end of the experiment 83% of animals that developed primary tumors had metastasis in lung, liver, kidney or spleen.

![*In vivo* androgen-independent prostate cancer (AIPC) tumor growth\
(**A**) γRV vector derived AIPC primary tumors. (**B**) LV vector derived AIPC primary tumors. Mouse xenografts containing γRV vector transduced LNCaP cells established primary tumors earlier with a median castration point at 82 days compared with LV vector at 94 days (^\*\*^*p* \< 0.01). Arrows indicate castration time points.](oncotarget-09-15451-g003){#F3}

MGS-PCR sequencing of retroviral integration sites in metastases {#s2_3}
----------------------------------------------------------------

To identify the γRV and LV vector integration sites and nearby candidate genes that promote PC progression, we analyzed the lung and liver metastatic tumors obtained from castrated mice (Figure [1D](#F1){ref-type="fig"}). The genomic DNA was isolated and retroviral integrations were amplified using MGS-PCR as previously described \[[@R20], [@R21]\]. LTR-chromosomal junction sequence reads were mapped to the human genome (hg38) using the VISA bioinformatics program and nearby candidate genes were identified \[[@R23]\]. We identified 40 and 76 unique RISs from γRV and LV vector derived lung and liver metastatic tumors respectively, that could be mapped to the human genome (Table [1](#T1){ref-type="table"} and [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). For each vector type, the frequency of provirus integration sites recovered were similar.

###### MGS-PCR identify γRV and LV vector integration sites at similar frequency in AIPC metastases

        Provirus Integration Sites                 
  ----- ---------------------------- ------------- --------------
  ᵧRV   31 (*n* = 3)                 9 (*n* = 2)   40 (*n* = 5)
  LV    58 (*n* = 3)                 18(*n* = 2)   76 (*n* = 5)

n: Indicates total number of metastases analyzed.

We analyzed metastatic tumors obtained from lung and liver tissues within and between animals to determine if different or similar candidate genes identified were responsible for driving tumor progression. For example, LV vector-derived liver and lung metastasis obtained from a single animal identified *TBC1D5*, *MAN1A1*, *UQCRC1*, *ABBC1*, *DAP3*, and *VPS13D* candidate genes in both tissues, whereas *TP53*, *MAN1A2*, *PPMIE*, *PLEKHA2*, *PRKCA*, *PDXDC2P*, *ENG*, *PPP4R2*, *XRN1*, *DAOA-AS1*, and *LOC101060091* were identified only in lung tissue. Analysis of metastases from two animals that received cells from the same LV vector transduction identified similar candidate genes in lung and liver metastasis including *ABCC1*, a candidate progression gene (see below) which was present in three metastases. Genes with a vector provirus less than 50 kb from the TSS or within the transcription unit were considered for further analysis ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}) resulting in 58 potential candidate genes.

Meta-analysis of candidate PC progression genes identified by γRV and LV vectors {#s2_4}
--------------------------------------------------------------------------------

We combined the data from our screen with publicly available Oncomine^™^ microarray gene expression data \[[@R28]\] from PC patient tumor samples to identify candidate genes. We reasoned that combining patient data with the candidate genes identified from our screen should improve the ability to identify genes that are clinically relevant. Oncomine^™^ meta-analysis of 21 independent datasets \[[@R29]--[@R44]\] were used to evaluate the 58 candidate genes. 35 were overexpressed, 18 were underexpressed while 5 had no expression data available ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). Out of 31 candidate genes with LV vector integrations, 15 were overexpressed, 11 were underexpressed, and 5 genes did not have any expression data available. For the 27 candidate genes with γRV integrations, 20 were overexpressed and 7 were underexpressed. Of these genes, 13 had significant differences in expression levels (*p* \< 0.05) by meta-analysis and were considered for further analysis (Table [2](#T2){ref-type="table"}). Of the selected candidate genes, γRV vector integrations identified *OR2A14*, *FER1L6*, *TAOK3*, *MBNL2*, *SERBP1*, *SLC7A1*, and *SLC25A24* while LV vector integrations identified *MAN1A2*, *PLEKHA2*, *SPTAN1*, *ADAMTS1*, *SLC30A5*, and *ABCC1*. We selected γRV vector-tagged *TAOK3* and LV vector-tagged *ABCC1* as our top candidate genes for further analysis. Both genes were overexpressed in PC patient samples available in 52% (11/21) of the datasets. *TAOK3* and *ABCC1* overexpression appear to affect known biological processes that may influence AIPC progression. *TAOK3* overexpression activates mitogen-activated protein kinases (MAPK), a known cancer signaling pathway, via ERK1/ERK2, JNK/SAPK and p38 \[[@R45], [@R46]\]. *TAOK3* is also involved in hepatocellular carcinoma and has been shown to be an androgen-responsive gene \[[@R47], [@R48]\]. *ABCC1* is overexpressed in small cell lung carcinoma metastases at relapse after chemotherapy \[[@R49]\] and is an established member of the ATP-binding cassette (ABC) transport protein family, shown to influence chemoresistance in brain, breast, liver, and prostate cancers \[[@R50]--[@R53]\].

###### Candidate AIPC progression genes

  Chr.^1^   Gene^2^       In gene^3^   Distance from TSS^4^   Up or downstream^5^   Expression^6^   *P*-value^7^   Vector^8^   Tissue^9^
  --------- ------------- ------------ ---------------------- --------------------- --------------- -------------- ----------- -------------
  7         *OR2A14*      No           3546                   Downstream            Over            0.000145       γRV         Lung
  8         *FER1L6*      No           11278                  Upstream              Over            0.000242       γRV         Liver
  12        ***TAOK3***   Yes          9210                   Downstream            Over            0.000657       γRV         Lung
  1         *MAN1A2*      Yes          53962                  Downstream            Under           0.002          LV          Lung, Liver
  13        *MBNL2*       Yes          134465                 Downstream            Under           0.002          γRV         Lung
  1         *SERBP1*      Yes          180                    Downstream            Over            0.008          γRV         Lung
  8         *PLEKHA2*     Yes          53671                  Downstream            Under           0.011          LV          Lung
  9         *SPTAN1*      Yes          42111                  Downstream            Under           0.015          LV          Lung
  21        *ADAMTS1*     No           19479                  Upstream              Under           0.021          LV          Lung
  5         *SLC30A5*     No           16882                  Upstream              Over            0.03           LV          Lung
  16        ***ABCC1***   Yes          181992                 Downstream            Over            0.031          LV          Lung, Liver
  13        *SLC7A1*      Yes          71506                  Downstream            Over            0.046          γRV         Liver
  1         *SLC25A24*    Yes          44414                  Downstream            Under           0.049          γRV         Lung

1\. Chromosome with vector provirus.

2\. Gene tagged by vector provirus.

3\. Indicates if the vector provirus is within the gene.

4\. Vector provirus distance to the transcription start site (TSS).

5\. Indicates if the vector provirus is upstream or downstream from the TSS.

6\. Expression of the candidate gene in PC patient tissue from Oncomine™ analysis.

7\. p-value from Oncomine™ analysis of expression between PC patient tissue and unaffected tissue.

8\. Vector type used for insertional mutagenesis.

9\. Tissue from which the metastasis was isolated.

*TAOK3* and *ABCC1* are recurrently altered in PC patients and have prognostic value {#s2_5}
------------------------------------------------------------------------------------

Analysis of genes that are mutated can inform predictions of patient tumor progression and assist with decisions concerning treatment options \[[@R9], [@R54]\]. Apart from a few studies, such genome-wide profiling in PC patients has been limited \[[@R38], [@R55]\]. Genomic alterations, including mutations and gene copy number variations, have been shown to affect important PC pathways \[[@R56]\]. Thus, the frequency of genetic alterations in PC patients for the genes we have identified, including *TAOK3* and *ABCC1*, may provide important information for PC progression. We utilized the cBioPortal tool to evaluate different genetic alterations including DNA copy number alterations (deletions and amplifications) \[[@R57]\] in the TCGA dataset \[[@R58]\] to determine if they relate to PC progression. The TCGA dataset was used because of its large sample size (333 patient tumor samples) and because it included all candidate PC progression genes that we identified. For comparison, we also evaluated *TP53* and *PTEN*, two mutated tumor suppressors found altered at high frequency in PC patients. The frequency of alteration for both *TAOK3* and *ABCC1* in PC patient samples was 5% (Figure [4](#F4){ref-type="fig"}). Other candidate genes we identified had frequencies between 5% and 12% (Figure [4](#F4){ref-type="fig"}). We next assessed whether the expression of *TAOK3* and *ABCC1* predicted clinical outcome using patient data associated with long-term clinical follow-up. Using the publicly available SurvExpress biomarker tool \[[@R59]\] that stratifies PC patients into low or high-risk groups based on differential gene expression, we generated Kaplan--Meier survival curves using the data of Taylor *et al.* \[[@R38]\]. In this study 140 patients were stratified based on disease recurrence and staging after androgen deprivation therapy. Expression of *TAOK3* and *ABCC1* significantly reduced recurrence-free survival in patients (*TAOK3: p* = 4.975e-5, Concordance Index = 71.13, Risk Groups Hazard Ratio = 4.91 and *ABCC1: p* = 0.00025, Concordance Index = 53.19, Risk Groups Hazard Ratio = 4.18) (Figure [5](#F5){ref-type="fig"}). In addition, when a combination of *TAOK3* and *ABCC1* were used, the prediction of recurrence-free survival of PC patients using Taylor *et al.* data was significant (*p* = 0.00042, Concordance Index = 70.75, Risk Groups Hazard Ratio = 3.91) ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). This shows that *TAOK3* and *ABCC1* expression is a prognostic indicator for survival in AIPC patients after androgen deprivation therapy.

![Genetic alterations in *TAOK3* and *ABCC1* genes in PC patients\
Each patient sample is represented by a bar and each color indicates specific genetic alteration as indicated. Only patients with alterations were shown (214/333). As controls, genetic alteration of *TP53* and *PTEN*, frequently altered genes in PC patients is also shown. The frequency of gene alteration is represented as a percentage.](oncotarget-09-15451-g004){#F4}

![*TAOK3* and *ABCC1* expression predicts recurrence-free survival in AIPC patients\
(**A**) *TAOK3.* (**B**) *ABCC1.* The Kaplan--Meier survival curves generated using the SurvExpress biomarker tool shows the ability of retroviral-tagged gene expression to predict recurrence-free survival outcome in PC patients after androgen deprivation therapy. The insets in top right represents number of individuals, number censored, and concordance index (CI) of each risk groups and '+' represent censoring samples. High and low risk groups are shown in red and green respectively. Box-plots show expression levels and *p*-values resulting from *t*-test of the difference expression between high risk (red) and low risk (green) groups in PC patients.](oncotarget-09-15451-g005){#F5}

DISCUSSION {#s3}
==========

In this study, we have shown that retroviral vector insertional mutagenesis screens using both γRV and LV vectors are powerful and complementary tools to identify genes that drive PC progression. Insertional mutagenesis screens using replication-incompetent retroviral vectors have been used previously to identify driver genes in prostate \[[@R10], [@R11]\], liver \[[@R12]\], pancreatic \[[@R13]\] and breast \[[@R9], [@R13]\] cancers. However, our study is unique because it is the first to our knowledge to directly compare insertional mutagenesis screens using both γRV and LV vectors to identify driver genes. Currently, PC is the second leading cause of cancer-related death in American men and androgen deprivation therapy is the primary line of treatment \[[@R60]\]. However, the development of metastatic AIPC \[[@R61]\] is the main cause of mortality for PC patients \[[@R62]\] and the molecular processes of AIPC progression are poorly understood. We identified *OR2A14*, *FER1L6*, *TAOK3*, *MAN1A2, MBNL2*, *SERBP1*, *PLEKHA2*, *SPTAN1*, *ADAMTS1*, *SLC30A5*, *ABCC1*, *SLC7A1* and *SLC25A24* as candidate genes implicated in PC progression. The frequency of identified genes was similar for γRV (7) and LV (6) vectors (Table [2](#T2){ref-type="table"}).

In some cases different metastatic tumors from the same animal, such as liver or lung, contained proviral insertions in different genomic loci with different potential driver genes, supporting previous studies that individual metastases may be biologically heterogeneous, complicating potential treatment options \[[@R55], [@R63]\]. Also, some metastatic tumors from tissues obtained from the same animal or different animals had similar provirus insertions in the same loci tagging similar candidate genes, supporting previous studies that similar mutations can drive tumorigenesis in and between PC patients \[[@R38]\]. These observations may provide a rationale for developing future combinatorial or individualized treatment options for PC patients to overcome resistance to primary androgen deprivation therapy.

The identification of candidate genes that are altered during PC progression can reveal potential novel therapeutic targets and biomarkers. Analysis of patient data showed that *TAOK3* and A*BCC1* are significantly overexpressed in tumors compared to normal tissues (Table [2](#T2){ref-type="table"}). PC patients had frequent genetic alterations in *TAOK3* and *ABCC1* including amplification, mRNA upregulation, and deletion, further suggesting their involvement in tumorigenesis (Figure [4](#F4){ref-type="fig"}). We also found association of *TAOK3* and *ABCC1* expression levels with PC patient clinical outcome. The expression of *TAOK3* and *ABCC1* singly or in combination predicted recurrence-free survival after androgen deprivation therapy using the Taylor *et al.* PC patient dataset \[[@R38]\]. Thus *TAOK3* and *ABCC1* are important AIPC prognostic biomarkers that can determine the potential of disease progression and stratify patients according to treatment needs.

Previous studies have shown that *TAOK3* and *ABCC1* are involved in various cancers \[[@R47], [@R48], [@R50]--[@R53]\]. The overexpression of *TAOK3* has been shown to activate known cancer pathways that regulate cell survival, growth and differentiation \[[@R45], [@R46]\]. *ABCC1* has been shown to regulate chemoresistance in glioma, breast, prostate, and liver cancers \[[@R50]--[@R53]\]. It is likely that known cancer signaling pathways reported for these genes in other cancer types might be implicated in AIPC progression.

In conclusion, the combined use of γRV and LV mutagenesis screens identified *TAOK3* and *ABCC1* as potential PC driver genes that can predict disease recurrence in patients with AIPC. Combining the use of γRV and LV vectors is a powerful approach to identify genes involved in oncogenic processes with broad potential application for numerous clinically relevant oncogenic processes in diverse cancer types.

MATERIALS AND METHODS {#s4}
=====================

Cell line, vector production, and transduction {#s4_1}
----------------------------------------------

The androgen-dependent human prostate carcinoma cell line LNCaP-FGC (ATCC CRL-1740, Rockville, MD, USA) was cultured in RPMI-1640 (Thermo Scientific, Waltham, MA, USA) supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville, GA, USA) and penicillin/streptomycin at 37° C in 5% CO~2~. The γRV vector, CL-SGN, was previously described \[[@R9]\]. The LV vector, LV-SGN, has SIN LTRs, a strong internal SFFV promoter driving an EGFP-neomycin fusion protein. Concentrated γRV and LV vector stocks pseudotyped with a vesicular stomatitis virus-glycoprotein (VSV-G) envelope were produced by polyethylenimine transient transfection of human embryonic kidney 293 (HEK 293T) cells using helper plasmids pLGPS (γRV vector), psPAX2 (LV vector) and the VSV-G envelope helper plasmid pMD2.G. Viral supernatant was filtered using 0.45 µm (γRV vector) and 0.22 µm (LV vector) filters (Pall Life Sciences, Cornwall, UK) and centrifuged for 18 h at 12,100 g. The viral supernatant was concentrated 100 fold. Viral titers were determined by transduction of HT1080 fibrosarcoma cells and analyzed for EGFP expression by flow cytometry.

Generation of mutagenized human LNCaP cells {#s4_2}
-------------------------------------------

LNCaP cells were transduced at a MOI of 0.3 with either γRV or LV vectors and cultured in RPMI supplemented with 10% FBS. Cells were passaged and re-plated 1:2 every 3--4 days while under G418 selection (600 µg/ml) for 3 weeks.

*In vitro* cultures of LNCaP cells in androgen-deficient conditions {#s4_3}
-------------------------------------------------------------------

Control, γRV and LV vector transduced LNCaP cells were maintained in RPMI-1640 supplemented with 10% CT-FBS (Atlanta Biologicals, Lawrenceville, GA, USA) media to remove steroid hormones. To minimize the loss of cells which would reduce clonality of our mutagenized library of RIS, we initially cultured cells for one week in 97.5% CT-FBS supplemented with 2.5% FBS \[[@R10]\]. After one week the *in vitro* cultures were then maintained in 100% CT-FBS treated media. Cell cultures for each group were established in triplicate. Cells were counted and 1 × 10^6^ cells passaged as described \[[@R10]\] to generate growth curves.

*In vivo* PC metastasis model {#s4_4}
-----------------------------

All procedures involving handling of animals were performed according to protocols approved by the Washington State University Institutional Animal Care and Use Committee for human use of animals in research. 5--8 week old male NOD.Cg-Prkdc^scid^Il2rg^tmlWjl^/SzJ (NSG) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). γRV and LV vector LNCaP cells were mutagenized with three independent transductions at a MOI of 0.3 and were transplanted orthotopically into the dorsal prostate of 8 week old male mice (two animals per transduction). A 1 cm incision was made in the skin and peritoneum to expose the prostate gland. 1 × 10^6^ LNCaP cells mutagenized with either γRV or LV vector were suspended in 20 µl phosphate buffered saline (PBS) (Lonza, Walkersville, MD, USA) and injected using a 27 gauge needle into the dorsal prostate gland. The incision in the skin was closed using wound clips. Mice were monitored daily for 3 days after surgery, then every 3 days over the course of the experiment. The growth of primary tumors was determined twice weekly by external Vernier caliper measurement and volume of the primary tumor calculated using (Lwh) x 0.5236 as described \[[@R10]\]. The values were extrapolated and primary tumor growth curves were generated. *In vivo* androgen-independent tumor growth was established by castrating the mice when the primary tumor size reached approximately 0.2 cm^3^ via the scrotal approach. When the primary tumors reached sizes larger than the initial volumes prior to castration, the mice were euthanized. At necropsy, primary tumors and EGFP-positive metastases were harvested, snap-frozen in liquid nitrogen for approximately 10 seconds, and stored at −80° C. The genomic DNA was extracted from the metastatic tissues using a Qiagen PureGene Cell and Tissue Kit (Valencia, CA, USA).

Identification of proviral integration sites {#s4_5}
--------------------------------------------

The genomic DNA was randomly sheared using a Hydroshear DNA shearing device (Digilab, Marlborough, MA, USA). The integration sites were identified using a previously described high-throughput MGS-PCR approach \[[@R20], [@R21]\]. Sequence reads ranging from 1.3 to 2.5 million were obtained per metastatic tumor. Forward and reverse sequence reads were paired to extend sequence read lengths using Paired-End reAd mergeR (PEAR) sequencing software \[[@R64]\]. The integrated provirus LTR-chromosomal junctions were identified and the genomic sequence mapped to the human genome (hg38) using VISA \[[@R23]\] and the University of California Santa Cruz BLAST-like alignment tool (UCSC BLAT) \[[@R65]\] ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). A custom PERL programming tool was used to identify genes within 50 kb of the closest transcription start sites of nearby genes. Alignments that had canonical LTR-chromosomal junctions that met criteria as described \[[@R66]\] were considered as RIS.

Identification and analysis of candidate PC metastasis genes {#s4_6}
------------------------------------------------------------

Publicly available cDNA microarray datasets in Oncomine^™^ database ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}) were used to assess and analyze gene expression in normal prostate versus PC patient tissues from the same patient tissue type \[[@R28]\]. The *p*-values for gene expression between the two classes was generated by Oncomine^™^ using Student's *t*-test. Pre-computated differential gene expression profiles of candidate genes in each dataset served as an input for meta-analysis. 21 patient-derived microarray datasets \[[@R29]--[@R44]\] were used to independently evaluate expression patterns of the γRV and LV vector-tagged candidate metastasis genes with integrated proviruses ([Supplemental Figure 3](#SD1){ref-type="supplementary-material"}). A total of 1,010 PC samples and 498 normal samples were used. The online cBioPortal cancer genomics tool (<http://www.cbioportal.org/>) was used to assess the frequency of genetic alterations in patients expressing the candidate PC metastasis genes \[[@R57], [@R67]\]. TCGA datasets from 333 patients tumor samples with sequencing and copy number alteration data was used to determine the genetic alteration frequency in patients expressing candidate genes identified in our screen \[[@R58]\]. The SurvExpress online biomarker tool \[[@R59]\] was used to predict the clinical outcome and prognostic value of PC metastasis genes. We searched for mRNA expression across eight available PC mRNA datasets using candidate genes as searching criteria and selected the Taylor *et al.* \[[@R38]\] patient microarray dataset GSE21032 that assessed the recurrence-free survival of 140 PC patients with a 5 year median clinical follow-up after androgen deprivation therapy. We obtained results using average score from probe sets and the default quantile-normalized format. We set the statistical analysis and graphical outputs using available datasets endpoints to obtain two maximized risk groups (low and high risk). Kaplan--Meier survival curves of censored Cox survival analysis was generated and log-rank statistical test performed with significance at a 95% confidence level.

Statistical analysis {#s4_7}
--------------------

Statistical analysis comparing the growth of γRV and LV vector transduced LNCaP cells versus their respective non-transduced controls in *in vitro* androgen-deficient conditions, the rate of γRV and LV-derived tumor growth *in vivo*, was performed using the Student's *t*-test. Values were expressed as means ± SEM. *p*-values of \< 0.05 were considered significant.

SUPPLEMENTARY MATERIALS FIGURES AND TABLE {#s5}
=========================================
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